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Introduction 
 
Arbuscular mycorrhiza forms a symbiotic 
association with roots of 90% of the species 
belonging to angiosperms, gymnosperms, 
pteridophytes and bryophytes (Mishra et al., 
1980; Williams et al., 1994). AM fungal 
symbiosis improves the growth performance 
of host through the ability of extra radical 
fungal hyphae to take up nutrients, 
particularly phosphorus from soil (Verma 
and Hock, 1998). High requirement of  
 
 
 
 
 
 
 
 
 
 
phosphorus is essential for nodulation and 
nitrogen fixation process by bacteria in 
legumes (Barea and Azcon-Aguilar, 1983). 
Nitrogen fixation in nodules is severely 
affected by various environmental hazards 
mainly draught and salinity. When legumes 
are exposed to these adverse conditions, 
both nodulation and process of nitrogen 
fixation are affected. The notable effect of 
drought on nodulation is the premature 
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Seeds of Macrotyloma uniflorum were fed with various concentrations of PEG 
ranging from 5 to 25% during germination and continued till 45 days after 
germination on alternate days to induce water stress. Inoculums of Glomus mosseae 
and G. fasciculalum were added to the soil in pot experiment before sowing the 
seeds. Nodule number, mass, leghaemoglobin and proline contents were estimated 
in 45 days old plants of unstressed, induced stressed, unstressed AMF treated and 
stressed AM fungal treated. Observations revealed that AM fungal association 
improves the number and mass of nodules along with enhanced contents of 
leghaemoglobin under induced stressed condition.  Content of proline in leaves is 
increased under induced stress in both mycorrhizal and non mycorrhizal plants. 
However the increase is more evident in non mycorrhizal plants than AM fungal 
treated plants under induced stress indicating better osmotic adjustment by AM 
symbiosis. Among the two AM fungal species, G. mosseae is more compatible 
with the host by improving all the parameters studied than G. fasciculalum 
inoculated plants indicating its host specificity. The significance of AM fungal 
association in the process of nodulation of legumes is discussed. 
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nodule senescence and thereby decreasing 
the ability for nitrogen fixation. Ruiz-
Lozano et al. (2001) have shown that 
drought induced nodule senescence in 
legume plants could be ameliorated by AM 
fungal association. It is now well established 
in various plant systems that AMF 
association can protect the host from adverse 
effects of drought (Allen and Allen 1986; 
Ruiz-Lozano et al., 1995; Goicoechea et al., 
2005; Hazzoumi et al., 2015). Macrotyloma 
uniflorum, commonly known as horse gram, 
is highly nutritious and cultivated for the 
seeds. It is an excellent source of 
molybdenum. It is mainly grown in arid and 
semiarid regions because of its drought 
tolerance to some extent. Though the taxon 
is extensively studied for its nutritional 
value and biochemical studies, it is still an 
under exploited crop with respect to 
sustainable agricultural practices (Sudha et 
al., 1995; Reddy et al., 2005; Siddhuraju 
and Manian, 2007; Bhartiya et al., 2015). 
Hence, the present study is to evaluate the 
effects of AM fungal association on the 
nodulation, biosynthesis of leg haemoglobin 
and proline in unstressed, induced stressed, 
unstressed AM fungi treated and induced 
stressed AM fungi treated plants.  
 
Materials and Methods  
 
Seeds of Macrotyloma uniflorum (Lam.) 
Verdc. var. PHG-9 were procured from 
University of Agricultural Sciences, 
Bangalore. Seeds were soaked in sterile 
distilled water for 24 h before planting them 
in pots containing sterile soil. Pots used for 
the experiment are uniformly sized pots 
(7x7) of capacity of holding 4 Kg of 
sterilized soil (autoclaved twice at 108 kpa 
for 15 min.). In one set of experiment, pre-
soaked seeds sown in the pots containing 
sterilized soil were watered on alternate days 
for 45 days. In second set of experiment, 
pre-soaked seeds sown in the pots 
containing sterilized soil were fed with 
various concentrations of PEG 
(mol.wt.6000) ranging from 5-25% on 
alternate days for 45 days. For the third set 
of experiment, the inoculums of Glomus 
mosseae and G. fasciculatum were obtained 
from the department of Microbiology, 
University of Agricultural Sciences, 
Bangalore which consist of sand and soil 
mixture with spores, extraradical mycelia 
and mycorrhizal root segments of Rhodes 
grass. 0.8 g of inoculum of both the species 
(1 gm: 1 lakh propagules) was placed at the 
depth of 2-3 cms from the soil surface. Pre-
soaked seeds for 24 h were pushed down to 
1.5 cms deep in the soil and covered by the 
surrounding soil and watered for alternate 
days which continued up to 45 days. For 
fourth set of experiment, pre-soaked seeds 
sown in pots containing AMF inoculums 
were fed with various concentrations of PEG 
ranging from 5% to 25% on alternate days 
for 45 days. The seeds were germinated 
within one or two days. 45 days old plants 
were selected for nodulation studies, 
estimation of leghaemoglobin and proline 
content. Experiment was designed in 
randomized block design with 12 replicates 
of each treatment (one plant per pot). 
 
The following set of experiments were 
conducted 
 
1. Seeds fed with water- control-S 
 
2. Seeds fed with PEG at various 
concentrations (5-25%) 
 
3. Seeds treated with G.mosseae-control-
GM 
 
4. Seeds treated with G.mosseae and PEG 
(5-25%) 
 
5. Seeds treated with G. fasciculatum-
control-GF 
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6. Seeds treated with G.fasciculatum and 
PEG (5-25%) 
 
Nodulation Studies 
 
Randomly five healthy plants were carefully 
uprooted and thoroughly washed under 
running water. Nodules per plant were 
counted and excised and weighed to note the 
weight of the nodules. Average weight of 
nodules from five plants was expressed in 
grams and recorded. 
 
Estimation of Leghaemoglobin (Lb) 
 
Leghaemoglobin content in the nodules was 
estimated following La Rue and Child 
method (1979). 100 mg of root nodules were 
weighed and homogenized in 10 ml of 
pyridine. Pyridine was added drop by drop 
along with a pinch of sodium dithionate 
during homogenation. The homogenate was 
centrifuged at 3000 rpm for 10 minutes. 
Supernatant was collected and made up to 
10 ml using pyridine. Absorbance was taken 
at 540 nm and pyridine served as blank. Lb 
content was calculated against a standard 
graph drawn for hemin at 10 µg / ml.E 
 
Estimation of Proline  
 
Proline content in the leaves was estimated 
according to Bates et al., method (1973). 
100 mg of the leaf sample were weighed and 
homogenized into a fine paste in 10ml of 
35% sulphosalicylic acid. The homogenate 
was centrifuged for 5-10 min. 2 ml of 
supernatant was taken and to that 2 ml of 
glacial acetic acid and 2 ml of acid 
ninhydrin were added. The sample was 
heated on a water bath for 1 h and the 
reaction was terminated by keeping in the 
ice cold conditions. 4 ml of toluene was 
added and the absorbance was read at 
520nm. Free proline was calculated against 
the standard graph for proline.  
Data Analysis 
 
Twelve replicates per treatment were 
established (one plant per pot). The data thus 
obtained from the experiment was subjected 
to one way analysis of variance (ANOVA) 
for completely randomized design. 
Significant F ratios between the group 
means were further subjected to DMRT 
using SPSS version 1.5. Probability values 
<0.05 were considered as significant 
(Snedecor and Cochron 1994) 
 
Results and Discussion 
 
Nodule Number 
 
Gradual increase in the number of nodules 
has been observed in AM fungal treated 
plants under both with and without induced 
stress by various concentrations of PEG 
(Fig.1). Whereas in non mycorrhizal plants 
there is a gradual decrease in the number of 
nodules as the concentration of PEG 
increases under stress condition. Maximum 
number of nodules, 88.00 ± 0.87, was 
developed in the plants treated with G. 
mosseae at the concentration of 25% of PEG 
treatment and minimum of 61.00±0.33 was 
recorded under 5% 0f PEG treatment. The 
number of nodules recorded at 25% of PEG 
treatment in stressed plants without AM 
fungal association is being 12.00 ± 0.23 as 
against 88.00 ± 0.87 in G. mosseae treated 
and 82±0.66 in G. fasciculatum treated 
plants under induced stress. In control plants 
the number of nodules is recorded as 
50.00±0.32 in Control-S, 55.00±0.58 in 
control-GM and 52.00±0.25 in control-GF 
plants. 
 
Nodule Mass 
 
The nodule mass has shown a gradual 
increase as the concentration of PEG 
increases from 5% to 25% in AM fungal 
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associated plants under both with or without 
induced stress (Fig.2). Correspondingly 
decrease in the nodule mass was observed in 
non mycorrhizal plants under gradual 
induced stress. The mass of the nodule in 
stressed plants without AM fungal 
association is recorded as 11.60 ± 0.34 at 
25% of PEG treatment as against 52.00 ± 
0.66 in induced stressed G. mosseae and 
50.20±0.34 in G. fasciculatum treated 
plants. The nodule mass in control plants is 
being 30.00±0.55 in control-S, 38.50±0.67 
in G. mosseae treated and 36.00±0.78 in 
G.fasciculatum treated plants. 
 
Leghaemoglobin Content (Lb) 
 
The content of Lb in nodules has gradually 
decreased in non mycorrhizal plants as the 
concentration of PEG increases (Fig.3). 
However, in mycorrhizal plants, gradual 
increase in Lb was recorded under induced 
stress. The maximum amount of 
leghaemoglobin, 21.22. ± 0.25 mg/g was 
found in G. mosseae treated plants at 25% of 
PEG treatment as against 2.51 ± 0.18 mg/g 
in non mycorrhizal at the same 
concentration of PEG treatment. Whereas in 
G. fasciculatum treated plants the 
leghaemoglobin content was found to be 
19.30±0.98 at 25 % PEG treatment. 
Leghaemoglobin content in control plants 
are recorded as 9.77±0.18 in control-s 
plants, 10.01±0.45 in control-GM and 
10.21±0.23 in control-GF plants. 
 
Proline Content  
 
Increase in proline content was observed in 
both nonmycorrhizal and mycorrhizal plants 
as the concentration of PEG increases 
(Fig.4). Proline content was found to be 
140.90±0.67µ moles/g at the concentraction 
of 25% of PEG in G. mosseae treated plants, 
whereas 138.80±0.66 µ moles/g was 
recorded in G. fasciculatium treated plants. 
However in induced stressed plants without 
AM fungal association, the content is 
slightly more (145.20±0.66) at 25 % of PEG 
treatment. Proline content in control plants 
are being 70.78±0.67 in control-S, 
73.21±0.83 in G. mosseae treated and 
69.24±0.67µ moles/g in G.fasciculatum 
treated plants. 
 
Majority of legumes form symbiotic 
association with both phosphorus acquiring 
AM fungus and nitrogen fixing bacteria in 
tripartite relationship. Mycorrhizal fungi are 
known to have some beneficial effect on the 
growth of the host though various ways 
(Gianinazzi and Gianinazzi-Pearson 1988). 
The symbiotic association improves the 
efficiency of the host to uptake nutrients 
particularly phosphorus and water from the 
rhizospheric soil by enhancing the 
absorption surface (Varma and Hock 1998). 
Nitrogen fixation by legumes is greatly 
sensitive to drought stress particularly in 
tropical taxa. Under drought conditions 
symbiotic nitrogen fixation is one of the 
physiological processes to shown first stress 
responses in nodulated legumes. One of the 
detrimental effects that will be shown during 
drought will be the premature nodule 
senescence and thereby decreasing the 
ability for nitrogen fixation (Ruiz-Lozano et 
al., 2001). Premature nodule senescence 
triggered by stress causes an acceleration of 
lytic activities and formation of green 
pigments (Sarath et al., 1986).In the present 
studies, the number of nodules and their 
mass were increased in AM fungal treated 
plants under unstressed and stressed by 
various concentrations of PEG. A slight 
increase in the number of nodules produced 
in G. mosseae treated plants compared to G. 
fasciculatum treated plants. Decline in the 
number of nodules and their mass have been 
observed under induced stress by PEG 
treatments in non mycorrhizal plants. The 
number of nodules recorded at 25% of PEG 
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treatment in stressed plants is being 12.00 ± 
0.23 as against 88.00 ± 0.87 in G. mosseae 
treated plants. Correspondingly, the mass of 
the nodule in stressed plants is recorded as 
11.60 ± 0.34 at 25% of PEG treatment as 
against 52.00 ± 0.66 in induced stressed G. 
mosseae treated plants. Even in the control 
plants, AM fungal treatments have enhanced 
the number and mass of the nodules. Tajini 
et al. (2012) have reported significant 
increase in nodular mass and number in 
AMF treated plants of Phaseolus vulgaris. 
AMF inoculation increases the nodule 
number, mass and overcome the salinity 
stress in Sesbania sesban (Abd-Allah et 
al.,2015). Water deficit conditions according 
to Lobota et al., (2009) decrease the root 
capacity and liberate the exudates 
responsible for nodulation, thereby reducing 
the nodule number. Whereas in AMF treated 
plants water deficit condition can be 
ameliorated. Nodule number and mass was 
declined drastically under severe drought 
conditions in Lupinus varins (Younis, 2002). 
However, Jia et al. (2004) have found no 
significant difference in nodular mass 
between AMF treated plants and control 
plants of Vicia faba. The involvement of 
AM fungi with drought tolerance is 
considered to be related to phosphorus 
nutrition and is therefore of particular 
interest to nitrogen fixation in legumes in 
view of direct or indirect impact of 
phosphorus on nodule formation and 
function (Bethlenfalvay et al., 1987). 
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Leghaemoglobin, an oxygen binding 
hemoprotein, controls the activity of 
nitrogenease, an enzyme responsible for the 
fixation of atmospheric nitrogen by 
buffering the concentration of free oxygen in 
the cytoplasm of bacterial infected cells. 
Steady increase in the concentration of leg 
haemoglobin was recorded in the AM fungal 
treated plants under induced stress by the 
application of various concentration of PEG. 
However, there is decrease in the content of 
leghaemoglobin in the non mycorrhizal 
stressed plants. As the concentration of PEG 
increases, the total amount of leg 
haemoglobin in G. mosseae treated induced 
stressed plants was found to be 21.22. ± 0.25 
mg/g at 25% of PEG treatment as against 
2.51 ± 0.18 in non mycorrhizal induced 
stressed plants at the same concentration of 
PEG treatment. G. mosseae colonized 
soyabean plants have shown high content of 
leghaemoglobinin both in watered and 
drought stress condition than other AM 
fungal treatments (Ruiz-Lozano et al., 
2001). Gradual decline in the content of Lb 
in the nodules during drought conditions has 
been reported in several taxa (Abd-Alla and 
Wahad 1995; Ramos et al., 1999; Ruiz-
Lozano et al., 2001; Younis 2002; Loboto et 
al., 2009). Changes in the contents of Lb 
have been suggested as the main effect on 
nodule metabolism caused by drought 
(Irigoyen et al., 1992) which results in 
decline in nitrogen fixation that limit oxygen 
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supply to bacteroids and affect respiration 
and energy production (Gonzalez et al., 
1998). The importance of AM symbiosis in 
legume plants has been traditionally 
attributed to the high P requirement of 
nodulation and N2 fixation process (Barea 
and Azcon-Aquilar, 1983; Ruiz-Luzano et 
al., 2001). AM fungal associated plants are 
better equipped for more P absorption than 
non AM fungal associated plants.  
 
Water stressed plants are known to 
accumulate organic osmolytes such as 
proline and sugars that contribute to the host 
plant tolerance under drought through 
enhanced osmoregulation (Trotel-Aziz et al., 
2000). In the present study proline levels 
were increased in both induced stressed non 
mycorrhizal and mycorrhiza treated plants. 
However, the contents in the non 
mycorrhizal induced stress plants were 
slightly more compared to mycorrhizal 
plants. Proline accumulation correlates with 
drought resistance in various plant species 
(Parcel et al., 2003; Farahani et al., 2008; 
Bhosale and Shide 2011; Hazzoumi et al., 
2015). Proline content in roots colonized by 
AM fungi is significantly less as compared 
to non AM fungi indicating osmotic 
adjustment thereby enhancing the ability of 
the host to cope up with the water stress 
(Porcel et al., 2003; Kohler et al., 2008). 
Proline content was found to be 140.90±0.67 
µ moles/g at the concentraction of 25% of 
PEG in G. mosseae treated plants whereas 
138.80±0.66 µ moles/g was recorded in G. 
fasciculatium treated plants. However in 
induced stressed plants without AM fungal 
association, the content is slightly more 
(145.20±0.66) at 25 % of PEG treatment. 
Mycorrhizal plants exhibit the lowest nodule 
proline accumulation as a consequence of 
drought is an indication of less dehydration 
than nonmycorrhizal plants (Ruiz-Lozano 
2001). Increase in proline content in non 
mycorrhizal plants of Zingiber ( Bhosale and 
Shinde, 2011), Coriander sativum ( Farahani 
et al., 2008) and alfalfa (Girousse et 
al.,1996) indicating the importance of AM 
fungal association on osmotic adjustments. 
Latef and Chaoxing (2011) have observed 
low proline content in the leaves of AM 
treated plants of Tomato when they were 
subjected to low temperature. They 
concluded that the change in the leaf proline 
content is an indication of low degree of 
injury in mycorrhizal plants so that there is 
no need to synthesize more proline for 
osmotic adjustments. However, proline 
content in leaves has increased when maize 
plants were inoculated with AM fungi (Chen 
et al., 2014). Chen et al. (2014) are of the 
opinion that increased proline content can 
mitigate the injury caused by low 
temperature.  
 
It can be concluded from aforesaid data that 
AM fungal association improves the number 
of nodules formed along with enhanced 
mass of the nodules. Further AM fungal 
association also helps the host to sustain the 
drought condition by enhancing the 
synthesis of leghaemoglobin and adjust 
osmoregulation. Among the two species of 
Glomus used in the present studies, G. 
mosseae has better compatibility with the 
host than the G. fascicutalum which 
confirms the host specific character of AM 
fungi (Smith et al., 2000; Burleigh et al., 
2002). 
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